Tuning the frequency of a resonant element is of vital importance in both the macroscopic world, such as when tuning a musical instrument, as well as at the nanoscale. In particular, precisely controlling the resonance frequency of isolated nanoelectromechanical resonators (NEMS) has enabled innovations such as tunable mechanical filtering and mixing 1 as well as commercial technologies such as robust timing oscillators 2 . Much like their electronic device counterparts, the potential of NEMS grows when they are built up into large-scale arrays. Such arrays have enabled neutral-particle mass spectroscopy 3 and have been proposed for ultralowpower alternatives to traditional analog electronics 4 as well as nanomechanical information technologies like memory 5, 6 , logic 7 , and computing [8] [9] [10] [11] . A fundamental challenge to these applications is to precisely tune the vibrational frequency and coupling of all resonators in the array, since traditional tuning methods, like patterned electrostatic gating 12,13 or dielectric tuning 14 , become intractable when devices are densely packed. Here, we demonstrate a persistent, rewritable, scalable, and high-speed frequency tuning method for graphene-based NEMS [15] [16] [17] [18] . Our method uses a focused laser and two shared electrical contacts to photodope [19] [20] [21] [22] individual resonators by simultaneously applying optical and electrostatic fields. After the
fields are removed, the trapped charge created by this process persists and applies a local electrostatic tension to the resonators, tuning their frequencies. By providing a facile means to locally address the strain of a NEMS resonator, this approach lays the groundwork for fully programmable large-scale NEMS lattices and networks 23, 24 .
Like tightening a tuning peg to tension a violin string, nanoelectromechanical resonators (NEMS) require methods to tune the resonance frequency that are persistent (i.e. have memory), reversible, and tunable over a large range. For large arrays, the tuning method must also be fast and scalable. While active tuning methods such as electrostatic gating 12, 13, 15, 18 or dielectric tuning 14 are reversible and can achieve a large tuning range, they are not persistent or scalable to large arrays. Passive methods that permanently modify the NEMS structure, like mass deposition 25 or thermal buckling 26 , have achieved persistent tunability. However, once set to an initial value, the resonance frequency cannot be modified in a controlled way, even to offset frequency drift. Only a few NEMS tuning approaches have combined persistence and reversibility 27, 28 , but these are limited to single devices and suffer from a combination of poor frequency resolution, a limited tuning range (~10%), slow speed, and limited cyclability.
In this letter, we report reversible and long-lived frequency tuning of graphene and graphene/hexagonal boron nitride (hBN) NEMS membrane resonators. Our technique uses spatially resolved photodoping [19] [20] [21] [22] , requiring only a focused laser and a global gate voltage , to generate rewritable, trapped charges. These charges create a local potential that shifts the mechanical charge neutrality point 29 from its intrinsic value (near 0 V) to . The new effective potential, = − , tunes the mechanical resonance frequency, 0 ( ), through electrostatic tension, analogous to a standard electrostatic back-gate 15, 18 but without the need for a continuous external power supply. ~1 (left, red, 9.8 MHz) and ~28 (right, blue, 28 MHz). Between the two phototuned states, the resonance frequency shifts by ~250% and the -factor decreases from 135 to 74.
To set or change the frequency of an individual membrane through photodoping-a process we call phototuning-we apply a bias to a global back-gate (in this case, degenerately doped silicon) while focusing a laser onto the individual, suspended membrane of interest (see Figure 1a) . Prior to any photodoping and assuming an initial of 0 V, the resonator will be at its intrinsic resonance frequency = 0 (0) before the laser or bias are turned on (step 1). Then, we set the gate voltage to a value , tensioning the membrane and blue-shifting the resonance frequency (step 2) from to 0 ( ). Next, with the bias still at , we turn the laser on to start the charge-trapping process. This brings towards , lowering , and red shifting the resonance frequency. Given enough laser dose, saturates at and the frequency returns to (step 3). After turning the laser and bias off, the frequency immediately blue-shifts to 0 (− ) (step 4), which is the same as 0 ( ) due to the symmetry of 0 ( ). The phototuned frequency obtained after step 4 does not require an external gate bias to maintain and is denoted = 0 ( ). Steps 1-4 complete the phototuning "write" function. The frequency can be reset back to -or "erased"-by zeroing the bias voltage ( = 0 V) and illuminating the membrane with the laser (step 5). We note that the description above represents the ideal case of phototuning. For most devices we study, is initially slightly offset from zero and saturates at a slightly different value than , neither of these factors affect the robustness of the phototuning method.
We have phototuned the frequency of NEMS membranes made from both CVD-grown monolayer graphene and a graphene/hBN heterostructure (gr/hBN). Our devices consist of the two-dimensional sheet suspended over ~4 − 5 μm diameter circular cavities etched into SiO2 on degenerately doped silicon (see Figure 1a -c). A layer of SiO2 (~300 nm thick) is left at the bottom of the cavities to prevent shorting and create potential charge traps 20 . The devices are driven with standard electrostatic actuation techniques 15 using the silicon back-gate and a Ti/Pt top contact, and measured using an interferometer operating at 633 nm 12, 16 . Photodoping is typically performed with a power-stabilized 445 nm diode laser except where noted otherwise.
The effects of phototuning are most apparent looking at the gate voltage tuning curves and frequency response spectra. We show these for a gr/hBN device in the erased state (photodoped with = 0 V) and the tuned state (photodoped with = 30 V), shown in Figures 1d and 1e, respectively. For both measurements, the membrane was photodoped to saturation by rastering the laser over the area of the drumhead at relatively high power (~1 mW/μm 2 ). The fundamental mode is the easiest to resolve, but several higher order modes are also present. The curve shapes are consistent with an electrostatically biased membrane 15, 18 . In the erased state, is offset from zero by ~1 V, which is common and indicates the presence of static charged contaminants.
With = 30 V, saturates to ~28 V, where the new potential arises from charged defects in the h-BN 19, 21 and the oxide 20 . Although differs by ~27 V between the two states, the gate-dependence of each mode relative to doesn't change, as seen in Figure 1d -e. Thus, apart from the shift, the phototuning process does not appear to alter the mechanical characteristics of the device in a significant way, unlike most passive tuning methods 25, 26 . The individual resonance curves corresponding to the erased and = 30 states are shown in Figure 1f . As changes from ~0 to ~28 V, increases from ~ 9.8 MHz to ~ 28 MHz, a change of ~ 250%. The of the 28 MHz peak ( = 74) is smaller than that of the 9.8 MHz peak ( = 135), just as in the case of an applied electrostatic backgate 17 . Although the central focus of this work is to report the phototuning effect, it also reveals that measuring or driving 15 2D
NEMS with an optical probe can lead to unintended frequency drift.
To demonstrate the reversibility of using phototuning, we change at discrete time intervals by varying the doping potential. At the beginning of each interval, we phototune the device using a single short, high power laser pulse (~2 mW, 0.5 s) at a given , and then continuously monitor the for the remainder of the interval, ~600 seconds. Increasing step-wise from 0 to 35 V (as seen in Figure 2a ), takes on fixed, stable values that increase from 7 MHz up to 45 MHz.
When we decrease step-wise back to 0 V, returns to 7 MHz. This data clearly demonstrates that the phototuning of is both reversible and bidirectional. The tuning range of is large, here nearly 550%, which is an order of magnitude larger than previous hybrid tuning methods 27, 28 . For a quality factor of a typical device (~100), this tuning range equals 543 resonance linewidths. In our measurements we limited the doping potential to 35 V to avoid damage to the mechanical resonators, but larger potentials up to the dielectric breakdown of the SiO2 could be used to achieve an even higher degree of tuning.
The frequency phototuning method is persistent. This persistence is clear from the steps in Figure   2a , which show is stable for at least 600 s. To assess the longer-term stability of phototuning,
we write a single time and then measure every hour over the course of 3 days. Figure 2b plots the fractional change Δ / after phototuning with a doping potential of 30 V. Initially, blueshifts by 2% over the course of 2 hours. After this initial detuning, the device slowly relaxes and redshifts at a rate of 0.05%/hour. For reference, the mechanical linewidth for our devices is ~2% of the resonance frequency (shaded region of Figure 2b ), so the frequency shifts by a linewidth in ~40 hours. This long-lived state does not require an external power supply or gate bias. Therefore, phototuning can replace patterned gate electrodes 13, 24 , even in arbitrarily large resonator arrays. To isolate the effect of the probe laser, which will cause some detuning, we set and measure it once after 8 days (Supplementary Information). We still observe a small amount of detuning in addition to warping of the gate tuning spectrum. Therefore, additional sources of detuning are present and may include the rearrangement of the trapped charge in the oxide or h-BN, or strain relaxation (e.g. in folds and edge clamping). Improved stability would likely be possible at cryogenic temperatures, which would reduce thermally-induced recombination of the ionized defects 19 . Given the time scale of the drift, feedback would be a straightforward means to stabilize the frequency. Figure 2a and Figure 2c could easily allow a discrete binary logic state 5, 11 or, given the measured error of 160 KHz, over 150 discrete and well-defined logic states.
The temporal rate of the phototuning method is exceptionally fast. The phototuning rate can be inferred from the time-dependence of either or during the phototuning process (see Methods). Figure 3a shows a plot of ( ) (blue, upper) and ( ) (orange, lower) for = 9 V, and ~530 μW with a 445 nm laser. Both and approach steady state saturation values within ~10 ms. As noted earlier, we find that does not saturate exactly to , but each device has a small but consistent offset, which we denote . To obtain the doping rate, we approximate ( ) with a saturation function of the form,
Where Δ ≈ − 0 + , 0 is fixed at the initial , and is the doping rate, which depends on the laser's power, wavelength, and position 22, 30 . Prior to each rate measurement, the device is photodoped at high power with = 0 V, which initializes 0 to . The black trace in the upper plot of Figure 3a is the fit for ( ) using Eq. 1, with fit parameters (Figure 3c) . Second, while is less than The enhanced phototuning at shorter wavelengths agrees with previous photodoping studies in h-BN as well as SiO2 20, 21, 32 . The wavelength dependence of is advantageous for nanomechanics experiments, as it allows selection of a long-wavelength laser for transduction, which has a negligible phototuning effect, and a short-wavelength laser for phototuning. We note that higher photon energies likely also induce photodoping, which could explain the frequency shifts seen in γ-ray irradiated 2D sheets 33 .
Many applications in NEMS circuits and lattices require precise, programmable frequency and strain tuning of individual resonators within large arrays on a single chip 13, 24 . To demonstrate this capability with phototuning, we first show that the effect is localized to the laser spot. Figure 4a shows the doping rate at 20 μW measured at different locations on the membrane. The device begins to photodope only when the gaussian spot of the laser overlaps with the area of the membrane. We use the dilation of the spatial doping rate profile relative to the device diameter (greyed region in Figure 4a ) to infer a spatial resolution of ~1 μm, which is approximately the size of the laser spot. Next, we align the frequencies of five different Gr/hBN devices to within 30 kHz (or 0.2%) of = 15 MHz, as shown in the Figure 4b amplitude spectra, achieving a tuning precision within ~5% of a resonance linewidth. The resonance frequency gate curves for each device are shown in Figure 4c . While the curves intersect at = 0 V, which defines , the values of and the general curve shape vary considerably. This demonstrates that phototuning is largely insensitive to variations between individual resonators and is thus a robust frequency tuning method.
In conclusion, we have demonstrated a fast, reversible, persistent, and scalable frequency tuning method based on deterministic charge trapping, which allows for optical "etch-a-sketch"
patterning of strain in 2D NEMS arrays. Our phototuning technique eliminates the need for complex, lithographically defined gate electrodes used to electrostatically strain and frequency tune NEMS resonators. When applied to large NEMS lattices, this approach could enable reprogrammable phononic crystals and waveguides 23, 24 , or more exotic applications such as neuromorphic computing 10 or the simulation of complex networks 34 .
Acknowledgments
We acknowledge the facilities and staff from the Center for Advanced Materials in Oregon Measurement of mechanical motion. Device motion was measured using optical interferometry, as described previously 16 . A 633 nm HeNe laser was focused onto the devices (held at room temperature at 10 -6 torr) using a 40 ×, 0.6 NA objective. The reflected light was detected using a high-sensitivity photodiode (Thorlabs APD 130A) and the voltage signal was demodulated using a Zurich Instruments HFLI2 Lock-In amplifier. The incident laser was scanned with a two-axis galvometer and passed through an optical relay system in order to image the mode shape and to maximize transduction sensitivity. We used low laser power (~1 -10 μW) to avoid unwanted photodoping by the 633 nm probe laser.
Photodoping.
A separate laser (405 nm, 445 nm, or 532 nm) was used for photodoping. The doping laser was coupled into the beam-path using a dichroic mirror and focused onto the sample using the same 40 ×, 0.6 NA objective lens. A separate two-axis galvometer was used to position the doping laser at the center of the drumheads. The laser power for each color was calibrated using a power meter (Thorlabs 120VC) and maintained using PID control. For dynamic measurements of , an acousto-optic modulator (AA-Optoelectronics MT350-A0.12-VIS) was used to supply a well-defined pulse of the doping laser with pulse-widths down to ~10 ns.
Prior to all measurements, the doping laser was scanned across the device with = 0 V to guarantee a uniformly-doped initial erased state.
Measurement of the CNP. Measurement of the mechanical charge neutrality point ( ) has typically been accomplished in previous work by fitting the full frequency tuning curves (such as those shown in Figure 1d -e), but this approach is too slow for a dynamic measurement of .
To overcome this, we use a mechanical feedback approach, similar to Kelvin Force Probe Microscopy 37 , to rapidly measure . The electrostatic force felt by the membrane is:
where the first term leads to frequency tuning and the second to electrostatic driving. We use the off-resonant behavior of the second term to infer . For low frequencies below both the RC time constant of the electromechanical circuit (~ 1 μs) and the mechanical resonance frequency (~0.1 μs), the phase will vanish. In this regime, the X-quadrature ( ) amplitude measured by the lock-in amplifier is proportional to ( − ), which vanishes when = . Thus to measure , we feedback on with a set point voltage = 0 V and use as the output variable. The value of that makes vanish is also .
For the dynamic measurements such as those shown in Figure 3 , our protocol is as follows. First, we set the drive frequency to = 100 kHz, which is well below the mechanical resonance frequencies of ~10 MHz, and turn on the mechanical feedback. After a brief stabilization period, is measured 10 times with the average value taken as . is then fixed at and a photodoping optical pulse with a predetermined width (from as low as a few milliseconds to several seconds) is applied to the device. This process is repeated until approaches with both the laser power and pulse time determining the total length of the measurement, which can take several minutes depending on the resolution.
